The height of the potential barrier originating at the grain boundaries of recrystallized SiC was experimen tally controlled by varying the nitrogen pressure during sintering. The variation in electrical properties with respect to the variation of the potential barrier height was simulated using a computer. There are two conduction mechanisms for recrystallized SiC. One is thermal excitation conduction over the potential bar rier and the other is tunnel conduction through the potential barrier. The WKB (Wentzel, Kramers, Brillouin) approximation was applied to calculate the number of carriers that pass through the potential bar rier by the tunnel effect. The variation of electrical properties was calculated by varying the height of the potential barriers, and the result corresponded fairly well with the experimentally determined variation of these properties. This simulation method will be useful in designing the electrical properties of recrystalliz ed SiC.
Introduction
SiC is a IV-IV compound semiconductor that has a wider band gap than that of Si or Ge, and is chemically stable up to higher temperatures. Therefore, SiC is expected to be ap plicable in high-temperature electronic devices.1)-3) The author studied the electrical properties of recrystallized SiC, especially the temperature dependence of its specific resistance using the band theory of semiconductors, and reported that the band model having potential barriers originating at the grain boundaries was able to account for the electrical conduction mechanism of recrystallized SiC. The height of its potential barrier was determined by the amount of doped impurity (the amount of doped nitrogen) and the matching between each crystal grain (grain boun dary energy). 4) Although it is difficult to control the matching due to the influences of many factors, the amount of doped impurity seems to easily be controlled, because the recrystallized SiC contains a certain amount of nitrogen as an impurity which was dissolved from the atmosphere during sintering and which can be adjusted by varying the nitrogen pressure. Therefore, the adjustment of nitrogen pressure during sintering is a convenient method of controlling the height of the potential barrier.
Understanding the variation of electrical properties in relation to the variation of the potential barrier height will be useful in the application of recrystallized SiC for elec tronic devices. Formulation of its electrical properties will enable the design of such devices by computer simulation.
On the basis of the above idea, the recrystallized SiC was sintered by varying the pressure of nitrogen atmosphere to obtain samples having various heights of the potential bar rier. The temperature dependence of specific resistance was measured for the samples and the relationship between the electrical properties and the height of the potential bar rier was experimentally defined. Then, it was determined whether or not the computer calculation based on the con duction mechanism can simulate the experimentally deter mined behavior described above. The samples were subjected to a positive-negative discrimination test by a thermoelectric method.5) All samples were discriminated as negative types because nitrogen was doped as a donor. Table 1 shows the proper ties of the samples. Scanning electron microscope (SEM) observation of microstructures showed that nitrogen negligibly affected crystal grain growth. However, a slight inhibition took place at higher pressures. Therefore, the grain boundary energy seems to be almost the same, or becomes slightly higher, with increasing nitrogen pressure. Figures 1 (a) -(e) show SEM micrographs of the fractured surface of samples. (2) Fig. 4 . Relationship between nitrogen pressure during sintering and the height of the potential barrier (with the effect of the amount of doped nitrogen and the grain boundary energy on the potential barrier height).
The calculation of NT was more involved. The number of carriers that climb up to the conduction band by thermal ex-citation follows the same thermal excitation theory. However, the most difficult portion of this calculation is the approximation of the number of carriers that passssed through the potential barrier by the tunnel effect. The number is ordinarily calculated from the wave equation. If the potential barrier is a simple rectangle, i.e., a well poten tial barrier, then the wave equation can be solved. In the case of the grain boundary potential barrier, such as an angular potential (in Fig. 5 ), the wave equation cannot be solved directly. Therefore, the probability of carriers pass ing through the potential barrier was calculated using the WKB (Wentzel, Kramers, Brillouin) approximation. 6 where D: pass-through ratio by the tunnel effect, h: Planck's constant, w: width of the potential barrier, m: effective mass, U: height of the potential barrier at point x, E: energy level of the conductive band. Equation (3) was solved by assuming a simple linear function for the angular potential barrier, as follows:
It is necessary to estimate the width of the potential bar rier. The width of the potential barrier includes the grain boundary region and the carrier-depleted layer. The grain boundary region of recrystallized SiC is extremely thin because it does not include any sintering additive. Accor ding to the TEM (transmission electron microscope) observation reported in previous literature,7),8) its thickness is less than lnm. The carrier-depleted layer was not directly measured. The carrier-depleted layer was much thinner compared to the grain boundary region because the recrystallized SiC sample contains a certain amount of nitrogen as a donor. Therefore, assuming that the width of the potential barrier was the same as the grain boundary region, 0.7nm was tentatively adopted as the width of the potential barrier.
The recrystallized SiC used as the sample had mostly 6H crystal phases. The effective mass of the electron in 6H-SiC is anisotropic along a crystallographic axis because the 6H crystal phase is also anisotropic. An effective mass parallel to the c-axis is different from that vertical to the c-axis . Recrystallized SiC is polycrystalline and the crystallographic axis is randomly oriented. Therefore, the average effective mass must be calculated from each axial effective mass. The following equation was derived from the fun damental equation of effective mass:9) (4) where m*: average effective mass, ma , b, c: effective mass of each axis.
Each effective mass of electrons in 6H-SiC is m a/m0 =0.35, mb/m0=0 .35, and mc/m0=1.3, as reported by Lomakina.10) Using these values, m*/m0=0.46 was calculated, where m0: free electron mass.
There are two conduction mechanisms at low temperatures: tunnel conduction and bulk conduction. Car riers which pass through the potential barrier by bulk con duction, due to the hopping between localized levels , were significantly fewer than the carriers which pass through by tunnel conduction. Therefore, the carriers transported by bulk conduction were neglected in the simulation.
The temperature dependence of the specific resistance was simulated through the following procedure . (1) The number (N) of carriers at the donor level was calculated from the amount of doped nitrogen. (2) The number (NE) of carriers that could climb over the potential barrier from the donor level by thermal excitation was calculated . (3) The number of carriers that could potentially climb up from the donor level to the conductive band but were not able to climb over the potential barrier by thermal excitation was calculated. (4) Some carriers calculated in procedure (3) could pass through the potential barrier by the tunnel effect. Their number (NT) was calculated using the WKB approximation described previously. (5) The number (NE) of carriers that climb over the potential barrier , and the number (NT) of carriers that pass through the potential bar rier were summed. The sum was then multiplied by the car rier charge and the mobility. The mobility of 40¥T-3/2m2/ V¥s, as described in the literature,11) was used for this calculation. Then the specific resistance was calculated as the reciprocal of the resulting product. (6) The number of each carrier and the mobility depended on temperature . Th us, these variables must be calculated at each temperature. The simulated result corresponds fairly well to the experimental one. The simulated result is represented by two straight lines having different slopes for low and model discussed previously is valid. The height of the poten tial barrier used in the calculation must be corrected to fit the experimental data. Table 2 shows a summary of NT, NE, and NT/NE. It also shows the calculated (Rcal) and measured (Rexp.) specific resistances. It is clear from the table that the dominant conduction mechanism changes from the tunnel effect to thermal excitation as temperature increases. According to the result described above, it is clear that the temperature dependence of the specific resistance can be simulated. Finally, the temperature dependences of the specific resistance were simulated by varying the height of the potential barriers, and these simulated results were com pared to the experimental results obtained previously. Figure 7 shows the simulated temperature dependences of the specific resistance in the range of the potential bar rier height from 0.1 eV to 0.5 eV. The slopes of the lines in the high temperature range increase as the height of the potential barrier increases. On the other hand, the slopes of the lines at low temperatures were constant because the tun nel conduction is dominant in the low temperature range. The kinked line of the Arrhenius plots reclined as the height of the potential barrier decreased. This was due to the contribution of the above two factors. A parity was observed between the simulated behavior ( Fig. 7) and the experimental behavior (Fig. 3) . Therefore, it is postulated that the simulation method is appropriate and useful for the design of the electrical properties of recrystallized SiC.
The height of the potential barrier used in the calculation must be corrected by multiplying the height, which was ex perimentally obtained from the slope at high temperatures, by 1.5. Figure 6 shows that there is only a small difference between the experimental result and the simulated result. In other words, the height of the potential barrier obtained from the slope of simulated Arrhenius plot is nearly equal to that determined experimentally. The slope at high temperatures became low due to a tunnel effect in the initial stage, even in the temperature range where thermal excita tion is dominant. Thus, it was conceivable that the true values of the heights of the potential barriers were higher than those obtained experimentally. 4. Conclusion The height of the potential barrier that originated at the grain boundaries of recrystallized SiC was experimentally controlled by varying the nitrogen pressure during sinter ing. The variation in electrical properties with respect to the variation of the potential barrier height was simulated using a computer. The results are summarized as follows.
(1) The height of the potential barrier could be controll ed by varying the nitrogen pressure during sintering, at a constant temperature and the same holding time. As the nitrogen pressure increased, the height of the potential bar rier became lower.
(2) Using the WKB approximation, the number of car riers that passed through the potential barrier by the tunnel effect was calculated and the specific resistance of recrystallized SiC was formulated. The temperature dependence of the specific resistance was simulated using a computer. The simulated result agreed with the experimen tal result.
(3) The simulated behavior of electrical properties when varying the height of the potential barrier correspond ed fairly well to the experimental one. This simulation method will be useful in designing the electrical properties of recrystallized SiC.
